This article describes results of an experimental study on incipient motion of gravel particles present in the cohesive mixtures, i.e. clay-silt-gravel and clay-siltsand-gravel, in which the percentage of clay varied from 10% to 50% on weight basis. Incipient motion condition is visually and quantitatively identified which responds to sheet and line erosion type appearance on the top surface of the channel bed for clay up to 30% and mass erosion pattern for 40% and 50% of clay. The clay percentage, weighted geometric standard deviation and bulk density of the cohesive sediment mixture are found to be the main parameters that affect the incipient motion of gravel particles. A functional relationship is proposed to determine critical shear stress of gravel particles present in cohesive sediment mixtures. The regression analyses as well as goodness of fit test were conducted for the proposed relationships which were found to be in good agreement with the present data.
UNDERSTANDING of incipient motion of sediment particles is needed for estimation of sediment transport. The incipient motion is characterized as the beginning of the movement of bed particle when the flow-induced shear stress over the bed exceeds to a certain critical value. Shields 1 has been a pioneer in introducing the incipient motion curve widely known as Shields curve for computation of critical shear stress of uniform cohesionless sediment. Subsequently, incipient motion for uniform cohesionless sediments was studied by various workers [2] [3] [4] . River bed material consists of a mixture of cohesive as well as cohesionless materials. Singh et al. 5 reported that the Ganga River bed consists of sediments having clay, silt, sand and gravel. In the Indian context numerical modelling studies have been conducted to understand the characteristics of suspended sediment concentration in the stretches of the estuarine environment for Hooghly River [6] [7] [8] and for commonly occurring sandy particles in coastal areas 9 . Incipient motion plays an instrumental role in addressing the sediment-related problems in the riverine system such as reservoir sedimentation, hydraulic structure failures, aggradation and degradation, flood inundation, water quality, siltation, navigation, etc. Most studies on incipient motion for cohesive mixture are reported on a mixture of clay, silt and sand [10] [11] [12] . Kothyari and Jain 13 reported a study of incipient motion for cohesive mixtures of clay-gravel and clay-sand-gravel. To our knowledge, no study has yet been reported on the incipient motion of gravel particles in a cohesive mixture of clay-silt-gravel and clay-silt-sand-gravel. Visual observation method to identify incipient motion condition was adopted earlier by Kothyari and Jain 13 . However, in the present study quantitative measurement of sediment transport rate was also included for reinforcing the reliability of visual observations. The present study attempts to develop a relation for computation of critical shear stress of gravel particles in cohesive mixtures of claysilt-gravel and clay-silt-sand-gravel. The computation of critical shear stress is well established for uniform cohesionless sediment. However, in case of non-uniform sediment the concept of unequal mobility of particles comes into consideration. The fraction-wise movement of particles in the non-uniform sediment mixture is known as unequal mobility of particles [14] [15] [16] [17] . In the past, most investigators used the correction factor for computation of critical shear stress in case of non-uniform sediment. For example, Bridge and Bennett 18 used the correction factor as a function of individual particle size and arithmetic mean of non-uniform sediment. Patel and Ranga Raju 15 used a correction factor in terms of Kramer's uniformity coefficient which is a function of particle size and its percentage. Wu et al. 16 used hiding-exposure probability as a correction factor which is a function of particle size and its percentage. The present study uses a different form of correction factor that includes the same parameters as used by previous workers. Sutarto et al. 19 performed the stability analysis of semi-cohesive stream bank by considering the soil heterogeneity in the stream bank. In the present experimental study, the channel has mobile cohesive bed (not the bank), which is assumed to be homogeneous over the working section. The sidewall correction is needed in laboratory flumes on account of differences in surface roughness between channel bed and sidewalls (made of glass in the present study). Hence for computation of critical shear stress, the concept of effective shear stress on the channel bed was applied using Manning-Strickler roughness coefficient according to Einstein 20 instead of total shear stress. This approach of sidewall correction was adopted in earlier studies [21] [22] [23] . In the present study, the expression proposed earlier 13, 24 for estimation of critical shear stress has been used for analysis. Brownlie 24 proposed the following formula to compute the dimensionless critical shear stress for the cohesionless sediment which can be used in place of the Shields curve. 
Here,  cc is the critical shear stress of cohesive sediment mixture (N/m 2 );  cm the Shields critical shear stress for cohesionless sediment having size equal to arithmetic mean size of cohesive sediment mixture (N/m 2 ); P c the clay percentage in fraction by weight; e the void ratio of cohesive sediment mixture; UCS* the dimensionless unconfined compressive strength of cohesive sediment mixture; and UCS is the unconfined compressive strength of cohesive sediment mixture (N/m 2 ); d a is arithmetic mean size of the cohesive sediment mixture (m).
The present study exhibits the results of an experimental study on incipient motion of gravel particles in cohesive mixture of clay-silt-gravel and clay-silt-sand-gravel in which clay content varied from 10% to 50%.
Experimental set-up
In the present study, clay, silt, sand and gravel were used as sediments with the median size (d 50 16 are the sediment sizes such that 84%, 50% and 16% of the material is finer than the size by dry weight respectively 25 . The experiments were conducted in a tilting flume having 16 m length, 0.75 m width and 0.50 m depth at our laboratory in Roorkee. The channel had a test section of 6 m length, 0.75 m width and 0.18 m depth starting at a distance of 7 m from the channel entrance. The depth of the test section in the channel for sediment filling was 0.18 m. In order to simulate the roughness of the test section on the rest of the flume bed, a thin layer of sediment was pasted uniformly on the rest of the flume bed.
The fresh water (zero salinity) flow in the flume was regulated using a valve provided in the inlet pipe coming from the overhead tank. The discharge was measured volumetrically through a tank provided at the end of the flume.
A rectangular trap, covered with a net-clothing having fine pores, was placed at the end of the flume just after the tail gate. It was used to collect bed load, which was then dried and weighed. A two-dimensional bed level profiler having least count 1 mm was used to measure the profile of the channel bed. The channel bed profile was also measured by flat gauge of least count 0.10 mm. The water surface profile was measured with a pointer gauge having least count of 0.10 mm. Bed and water surface profile were measured at longitudinal spacing of 0.50 m along the central line of the flume.
Methodology
Two types of cohesive mixtures namely, clay-silt-gravel and clay-silt-sand-gravel were used for preparation of cohesive channel bed in which clay content varied from 10% to 50% on weight basis while the other sediments (i.e. cohesionless sediments) were taken in equal proportions. The dynamic compaction method was used for preparation of the cohesive bed 23 . To prepare the channel bed, the required sediments were dried and weighed as per proportion and then manually mixed together. Water was added to sediment mixture which was then mixed thoroughly. The mixed sediments were covered with polythene and left for around 24 h for uniform moisture distribution. The sediments were mixed thoroughly again before placing into the test section. The sediments were filled in the test section and compacted in three layers for preparing a cohesive bed. Each layer was compacted with a cylindrical roller having a weight equal to 400 N. The sides of channel were compacted by hand rammer having a rectangular bottom. The top surface was roughened by trowel before laying the next layer over it to ensure bonding among different layers. Extra sediments were chiselled off using a large sharp edge knife after compacting all three layers. The cohesive bed finally prepared was left for around 16 h to achieve cohesive bonding between the cohesive and non-cohesive matrices. Samples were taken out from the downstream section of cohesive bed for determination of bulk density, unconfined compressive strength and moisture content. The bulk unit weight of sediment mixture was determined using standard core cutter method according to IS-2720 Part XXIX (ref. 26) . Unconfined compressive strength (UCS) was determined in the laboratory according to IS-2720 Part X (ref. 27). Water content was determined as per dry oven method for the compacted cohesive bed corresponding to all runs. Dry density of the channel bed was computed using determined value of bulk density and water content of the bed. The void ratio of the channel bed was determined using the computed value of dry density. The range of various parameters related to experimental runs for claysilt-gravel and clay-silt-sand-gravel mixtures is given in Table 1 . Before beginning the experimental run, the bed was saturated for 24 h to achieve the field's condition 23 . For all experimental runs, the sediment beds were prepared afresh.
For each run, a low discharge was initially allowed in the flume and uniform flow was maintained by operating the tail gate. During this process of establishing the uniform flow, the sediment bed was inspected visually to examine the detachment of sediment particles. Then a small increment in the discharge was admitted in the flume and the bed condition was inspected again carefully. This operation was repeated till the movement of gravel particle started. The flow condition at which entrainment of gravel particles occurred was considered as incipient motion condition and measurements of corresponding discharge, water surface profile and bed surface profile were taken. Incipient motion condition for gravel particles present in the cohesive mixture was visually and quantitatively identified by collection of bed load as reported in Table 1 . Both water and bed surface profile was measured at an interval of 0.50 m on the centre line of the test section along the longitudinal direction of flow. The mean velocity was computed using the measured data of discharge and flow depth. Flow depth was computed as an average of difference between the measured bed and water surface profile at the middle of each section at 50 cm interval from upstream working section along the flow direction. The shear stress corresponding to incipient motion of gravel particles was computed using measured flow depth and water surface slope profile. The above process of attaining incipient motion was done for each run.
The physical appearance of the top surface of cohesive bed was observed visually after the end of each run and was found to vary with the clay content in the mixture. After end of incipient motion run, top surface of cohesive bed appeared in the form of sheet and line erosion along with the gravel particles on it for clay content up to 30% for both cohesive mixture of the present study. However, dominancy of gravel particles decreases with increase in clay content in the mixture. The particles eroded in the form of bunch or chunks for 40% and 50% clay content in the mixture and the bed surface appeared like a mass eroded for both cohesive mixtures.
Results and discussion
The critical shear stress for the uniform cohesionless sediment is well represented by the Shields curve, which has also been used in the form of Brownlie 24 equation for computation of dimensionless critical shear stress of the cohesionless sediment 17 . The incipient motion of nonuniform cohesionless sediment is mainly a function of individual sediment size, arithmetic mean size of nonuniform sediment, percentage of sediment and critical shear stress of uniform cohesionless sediment. However in case of cohesive sediment, in addition to the above parameters, clay percentage and strength of cohesive bed play a significant role in entrainment of sediment. The strength of bed depends on compaction applied on bed and is measured in terms of UCS and reflected by easily measurable parameters such as porosity and bulk density. To incorporate hiding-exposure effect, different forms of correction factors were earlier used to correlate as a function of individual sediment size, arithmetic mean of nonuniform sediment and percentage of sediment. In the present study, hiding-exposure effect was considered in the form of weighted standard deviation of sediment mixture. It is a function of individual sediment size, arithmetic mean size of non-uniform sediment and percentage of sediment. Different forms of correction factors have been tried in trials. However, weighted standard deviation provides the best results and hence used in the present study.
The behaviour of cohesive sediment differs significantly from cohesionless sediment because of the presence of clay in the cohesive sediment mixture. To quantify the effect of cohesion, dimensionless critical shear stress of cohesive sediment mixture ( *cc ) is compared with that of cohesionless sediment having the same arithmetic mean size as that of the cohesive sediment mixture on the plot of Shields parameters as shown in Figure 1 in which abscissa 3 2 0.5
is the dimensionless particle Reynolds number. Figure 1 shows that the value of  *cc of gravel particles in a cohesive mixture is higher and much above the line of Shields curve for most data of the present study as well for the data of Kothyari and Jain 13 . However few value of  *cc lies below the line of Shields curve for the 10-20% of clay content in the mixture. This may be attributed to high silt and low clay content (for 10% and 20% clay content) in the cohesive mixtures of clay-silt-gravel and clay-silt-sand-gravel which led to a weak bond amongst the particles and resulted in exposure of gravel particles at low shear stress. 
Development of relationship for critical shear stress
The mechanism of transport of the cohesive sediment including its incipient motion is more complex than the cohesionless sediment. Hence the experiment was performed to account for all aspects. The resistance against erosion of cohesionless sediment was well controlled by the sediment size and density. However, the erosion of cohesive sediment was affected by several parameters due to the complex physico-chemical properties of clay. As such various parameters were considered to develop a relationship for the critical shear stress of gravel particles present in the cohesive sediment mixture. However, only the parameters which yielded better results are represented in the analysis below. Probable variables that affect the critical shear stress of gravel particles present in the cohesive sediment mixtures are written as cc cm 50
( , , , , , , , ). .
Here 50 cc ( . ) .
 cc is the weighted geometric standard deviation of the cohesive sediment mixture. Equation (5) represents the functional relationship corresponding to incipient motion for gravel particles in the cohesive sediment mixtures. Parameter P c accounts for the presence of clay content in the sediment mixture and the parameter  b / w has been considered for the variability of compactness of cohesive bed. The mean size of the cohesive sediment mixture (d a ) is significantly different from the median size (d 50 ) of individual sediments present in the mixture and this variability in sediment sizes creates the hiding-exposure phenomena. Hence to account for this variability, the parameter  cc has been incorporated. Variation of these parameters, i.e. parameters presented in eq. (5) with  cc / cm is illustrated in Figures 2-4 . The value of  cc / cm increases with increase of clay percentage as apparent from Figure 2 for the data of the present study and Kothyari and Jain 13 . Similar results on the variation of clay percentage with the critical shear stress were reported by Kamphuis and Hall 28 . Figure 3 shows that the value of  cc / cm increases with the increase in  cc for the data of the present study along with the data of Kothyari and Jain 13 . In earlier studies, the variation of  cc was not reported. Therefore, the value of  cc for the data of Kothyari and Jain 13 was computed using eq. (6) . Figure 4 indicates that the value of  cc / cm increases with the increase in  b / w . Mitchener and Torfs 10 also reported similar results for variation of bulk density against the critical shear stress.
A large number of trials with parameters given in eq. (5) . The proposed eq. (7) was developed using the data of the present study (clay-silt-gravel and that of clay-siltsand-gravel mixture) and Kothyari and Jain 13 . The compaction level used in preparation of cohesive channel bed may play a significant role in the entrainment of sediment particles; hence, this compaction level may serve as a limitation of eq. (7) in the present study, which has been reported in Table 2 . The computed value of  cc / cm from eq. (7) were plotted against the observed values in Figure  5 which shows good agreement between them as all the data are covered between 0.5 fold and 2.0 fold error lines with a good value of regression coefficient (R 2 = 0.78). Here, the present data along with data of Kothyari and Jain 13 have been used. Data of other studies have not been used due to non-availability of critical shear stress data for gravel particles under clay influence.
The mean discrepancy ratio and standard deviation were computed to test the goodness of fit between R is mean discrepancy ratio, oc is standard deviation for the discrepancy ratio, and N is the total number of observations. observed and computed value from eq. (7). The following expressions are used for computation of discrepancy ratio, mean discrepancy ratio and standard deviation respectively 29 .
Discrepancy ratio, cc cm ,
Here ( cc / cm ) c,i and ( cc / cm ) o,i are the computed and observed value of  cc / cm respectively.
The mean discrepancy ratio, .
Here, N is the total number of observations. Standard deviation, 
Here  oc is the standard deviation for the discrepancy ratio.
The proposed eq. (7) and existing eq. (2) are tested against the goodness of fit test using eqs (8)- (10) . Table  3 indicates that the proposed eq. (7) shows better results over the existing eq. (2) for critical shear stress of gravel particles in cohesive mixture as more than 80% of data for the present study and Kothyari and Jain 13 lie in the range of 0.75 to 1.50 of discrepancy ratio for the proposed eq. (7). Most importantly, the proposed eq. (7) has the easily computable parameters compared to the existing eq. (2) .
Conclusions
This study presents the results of an experimental study on incipient motion of gravel particles in cohesive mixtures of clay-silt-gravel and clay-silt-sand-gravel in which clay content varied from 10% to 50%. The onset of incipient motion, sheet and line erosion pattern occurs on the surface of the bed for clay content up to 30% while the mass erosion pattern occurs for clay content of 40% and 50%. The presence of silt in cohesive mixture resulted in lowering the value of critical shear stress of gravel particles especially for clay content up to 20% in the cohesive mixture. The present study reveals that initiation of detachment of gravel particles from the cohesive bed is mainly governed by clay percentage, weighted geometric standard deviation and bulk density of cohesive mixture. An equation was proposed for computation of critical shear stress of gravel particle in cohesive mixture. Regression analysis and goodness of fit test indicates that the proposed equation is accurate enough for computation of critical shear stress of gravel particles for the cohesive mixture of clay-gravel, clay-sand-gravel, clay-silt-gravel and clay-silt-sand-gravel.
